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Preface 


This book has manner evolved an introduction from my MSc. Thesis of the 
“THEORETICAL AND EXPERIMENTAL STUDY OF VAPOR-LIFT BUBBLE 
PUMP PERFORMANCE”, and presents the topics in the most convention used of 
Absorption Refrigeration Systems. Otherwise it has been precise the developments of 
this system when it become a pump-less systems which is a wild rang used. This book 
contains in all three chapters.. 

Chapter One include introduction of absorption refrigeration system of LiBr-water and 
Ammonia-water solutions within pump and without pump used. While Chapter Two 
descript thermodynamic analysis of the absorption systems of LiBr-water and 
Ammonia-water and the properties calculations. The pump-less absorption refrigeration 
system was discussed in Chapter Three with improvements of these systems. Finally, 
Chapter Four shows a thermodynamic models of the exergy equations for each 
Absorption Refrigeration Systems. In the thermodynamic analyses, energy and exergy 
losses for each component of the system are quantified and illustrated. The systems’ 
energy and exergy losses and efficiencies are presented the methods of calculated. 
Otherwise, the division of the materials into short sections makes this much easier than 
standard text. This book is useful to present a wild knowledge for under-graduate level 
supplement to each of studying thermal engineering. 
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CHAPTER ONE 

INTRODUCTION OF ABSORPTION REFRIGERATION SYSTEMS 
1-INTRODUCTION 

Currently, electric motor driven vapor compression refrigeration cycles dominate air 
conditioning, heat pump, and refrigeration applications. The vapor compression cycle’s 
principle of operation is relatively simple. A working fluid (Refrigerant) is boiled in an 
evaporator at a pressure and hence temperature, low enough to provide cooling Fig. 1-1. 
A work driven compressor (usually working electrically) then increases the pressure of 
the working fluid vapor allowing it to condense and reject heat at a temperature higher 
that of the surroundings. Having rejected its heat of condensation and condensed the 
working fluid liquid is then expanded (via an expansion valve) back into the evaporator 
where it can again provide cooling at a low temperature [Delano, A.D, 1998]. The other 
popular type of refrigeration system, namely the vapor absorption type has seen fewer 
changes in terms of refrigerant development, and relatively less number of problems 
exists in these systems as far as the refrigerants are concerned. 



1-2 Absorption Refrigeration Cycles 

The working principle of an absorption system is similar to that of a mechanical 
compression system with respect to the key system components evaporator and 
condenser. In the absorption system, a secondary fluid or absorbent is used to carry the 
refrigerant while circulating. The compression of the vapor is accomplished by means of 
a thermally driven ‘compressor 4 consisting of the two main components absorber and 
generator. The use of heat operated refrigeration systems helps reduce problems related 
to global environment, such as the so-called greenhouse effect from C0 2 emission from 
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the combustion of fossil fuels in utility power plants. Most vapor compression systems 
commonly use chlorofluorocarbon refrigerants (CFCs), because of their thermo physical 
properties. It is through the restricted use of CFCs, the depletion of the ozone layer that 
will make absorption systems more prominent. In order to promote the use of absorption 
systems, further development is required to improve their performance and reduce cost. 
In the 1950’s, a Single-effect Absorption system using lithium bromide-water as the 
working fluid was introduced for industrial applications. A few years later, a double- 
effect absorption system was introduced and has been used as an industrial standard for 
a high performance heat-operated refrigeration cycle. 

1-2-1 The Single-effect Absorption System 

A single-effect absorption refrigeration system is the simplest and most commonly used 
design. The term ‘single -effect’ refers to the fact that the supplied heat is used once by a 
single generator. There are two design configurations depending on the required cooling 
effect, one of the following working pairs for absorption chillers is commonly 

used[Pongisd Srikhirin,2001]: 

• for a low temperature heat source higher than 5°C, for example when used for air- 
conditioning, a water-lithium-bromide (LiBr) pair absorption machine is most frequently 
used, which must be water cooled. 

• for a low temperature heat source below 5°C, for example when used for 
refrigeration, an ammonia-water machine can be used, which may be cooled by either 
air or water. Fig. 1-2 shows a single-effect system using non-volatile absorbent such as 
LiBr-water solution. Heat supplied in the generator is added to solution of LiBr-water. 
This heat causes the refrigerant, in this case water, to be boiled out of the solution. 



Fig. 1-2 Single-effect LiBr-water absorption refrigeration 
system 


The water vapor that results passes into the condenser. The condensed water then flows 
to the evaporator. By maintaining a very low pressure in the evaporator and absorber, 


6 















the water boils at low temperature absorbing heat from the medium to be cooled. 
Evaporated water then passes in to the absorber where it is mixed with a LiBr-water 
solution that is very low in water content. The strong solution ( strong in LiBr ) tends to 
absorb the vapor from the evaporator to form a weaker solution. This is the absorption 
process that gives the cycle its name. Strong affinity allows less absorbent to be 
circulated for the same refrigeration effect, reducing sensible heat losses. At the 
absorber, heat is removed, hence, the absorption rate is increased. However, this design 
requires a high recirculation rate in order to achieve a good performance. The weak 
solution is then pumped to the generator to repeat the cycle. The pump in between the 
absorber and the generator and the restrictor ( Expansion Device) between the condenser 
and the evaporator maintains this difference in the pressure . The pump demands an 
input of mechanical work W p , but this work is only a small fraction of what is needed in 
a compressor system, therefore this work is often disregarded when COP values is 
presented. 

Irreversibility is caused as high temperature heat that is applied at the generator, is 
wasted out at the absorber and the condenser. In order to reduce this irreversibility, a 
solution heat exchanger is introduced. The heat exchanger allows the solution from the 
absorber to be preheated before entering the generator by using the heat from the hot 
solution leaving the generator. Moreover, the size of the absorber can be reduced as less 
heat is rejected. When volatile absorbent such as water-NH3 is used, the system requires 
an extra component called “a rectifier” . In this system as the absorbent is water and it is 
highly volatile, it will be evaporated together with ammonia (refrigerant). Without the 
rectifier, this water will be condensed and accumulate inside the evaporator, causing the 
performance to drop. Thermodynamic restrictions in the system dictate that the cooling 
capacity for ideal and real systems is always less than the heat input. As a consequence, 
the COP for large single -effect machines lies in the range of 0.7 to 0.8 for standard 
operation conditions [ASHRAE Handbook,1998]. 

1-2-2 Multi-effect Absorption Refrigeration Cycle 

The main objective of a higher effect cycle is to increase system performance when 
high temperature heat source is available. By the term “multi-effect”, the cycle has to be 
configured in a way that heat rejected from a high-temperature stage is used as heat 
input in a low-temperature stage for generation of additional cooling effect in the low- 
temperature stage. [George JM,1989]. Fig. 1-3 shows a system using LiBr-Water. For 
one unit of heat input from the external source, cooling effect produced from the 
refrigerant generated from vapor is used as heat input in generator II. Two stage 
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machines would probably not be applied to low grade energy like geothermal 
applications as it requires generator temperature [Garimella S,1992]. 



Fig. 1-3 A double-effect water-LiBr absorption cycle. Heat is 
released from the condensation of refrigerant. 


1-3 Natural Circulation Single Pressure Absorption Refrigeration System 

All the cycles described above are still in need of electrical power supply to operate 
the circulating pump. Eliminating this part needs different absorption cycle designs. 
Diffusion absorption refrigeration system (also called Single Pressure Direct Thermally 
Driven Heat Pumps DAR), such as the [Munters CG, 1928] diffusion-absorption cycle 
is one type of self-circulating absorption system using water-NH 3 solution and hydrogen 
as the pressure-equalizing fluid (Helium is an alternative auxiliary gas that was 
introduced to replace hydrogen which can cause danger if it leaks). To eliminate the 
need for a mechanical input, a heat-driven bubble pump is used for this purpose. The 
cooling effect is obtained based on the principle of partial pressure. Because the 
auxiliary gas is charged into the evaporator and the absorber, the partial pressure of 
ammonia in both evaporator and absorber is kept low enough to correspond to the 
temperature required inside the evaporator. Therefore, there is no pressure differential in 
this system and the heat input to the generator is used only for circulation of working 
fluid and evaporation of refrigerant, then the bubble-pump can be used. Fig. 1-4 shows 
a bubble pump in a generator module used for single pressure absorption refrigeration 
system. An outstanding feature of this system is that it can be operated in places where 
no electricity is available. It has been used for a long time in domestic refrigerators. It 
contains no moving part, which means it is free of maintenance and produces less noise 
during the operation. However, in the traditional models, its cooling capacity is very 
small, less than 50 W. With this cooling capacity, it is only suitable to be used as a 









































refrigerator in a hotel room or recreation vehicle and it is not enough for air conditioning 
applications, [Chen J, 1996]. 



Fig. 1-4 The diagram shows a bubble pump in a generator 
module. 


1-4 Dual Pressure Absorption Refrigeration Cycle 

Another example of pump-less absorption refrigeration cycle (no mechanical pump 
is used), is a self-circulating LiBr-water dual pressure chiller, the concept of which was 
originally suggested by [Pongisd Srikhirin,2001]. This suggested system with no 
moving part inside the absorption unit as illustrated in Fig. 1-5. Differential pressure 
between the condenser and the evaporator can be overcome by a bubble-pump based on 
the principle of hydrostatic pressure of the dense solution which needs an elevation 
corresponding to the required differential pressure. The hydrostatic principle is used to 
maintain the pressure difference that allows the expansion of the refrigerant (water) 
through the expansion valve. LiBr solution is supplied from an absorber to the bottom of 
the generator by gravity, where it is heated. The solution boils and is driven upwards by 
the buoyancy of the generated big steam bubbles which form plugs that occupy the 
whole cross section of the tube (at small tube diameter) and lift a slug of solution. At the 
top of the generator tube, the heavy solution is separated from the steam and flows 
further to an absorber at a high position (below the condenser). From the bottom of the 
absorber, the solution flows back to the generator. While the steam (at the top of the 
generator tube), rises to the condenser where it is liquefied. The condensed water flows 


9 





























through an expansion device to the evaporator. After the evaporator, the water vapor 
flows into the absorber where it is absorbed by the strong solution. The formed weak 
solution flows through the heat exchanger and gains heat from the strong solution 
coming from the separator. The advantage of this cycle is that it allows utilization of low 
potential heat sources (about 80 °C), [Koyfman, A, 2001]. 



Fig. 1-5 Self-circulating LiBr-water absorption chiller. 


1-5 Vapor Lift Pump (Bubble Pump) 

In absorption refrigeration application, the bubble pump or vapor lift pump ( 
generator subsystem), is a heated tube of length L. It lifts fluid from a lower reservoir 
(Absorber) in which the liquid level is H from the point of heat supply at the bottom of 
the lift tube to a higher reservoir (Separator). The weak solution (weak in absorbent) 
flows from the absorber due to gravity through solution heat exchanger to the bubble 
pump. Heat is applied to the bottom of the tube at a rate sufficient to generate vapor 
bubble which rises carrying up the remaining non vaporized strong solution through a 
gas-liquid lift in to a separator located at an upper level (higher reservoir). The bulk 
density of the fluid in the tube is reduced relative to the liquid in the lower reservoir, 
thereby creating an overall buoyancy lift. The added heat creates a balance between the 
generated vapor buoyancy force and the flow requirements to overcome the resistance of 
the gas-liquid lift and the pressure difference between the two reservoirs and the weight 
of the picked up fluid that is circulated along with the vapor. 

The performance of the bubble pump or its ability to lift up the amount of liquid and 
vapor with a minimum heat input is a function of its physical geometry, cycle pressure 
difference and the properties of the fluid mixture that it carries. In diffusion absorption 
refrigeration system the cycle operates under one pressure, in this case, the added heat 
creates a balance between the generated vapor buoyancy force and the flow 
requirements to overcome the resistance of the gas-liquid lift and the weight of the 
picked up fluid, in other words it is not used to built up pressure between two receivers. 
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Efficient bubble pump has an important effect on the overall performance of the 
absorption cycle and needs to be designed to supply the adequate refrigerant and liquid 
solution flow rates for required cooling capacity at variable cycle operating parameters. 

1-6 Two Phase Flow 

Liquid lifting process by the bubble pump described above falls into ’’Two-Phase 
flow” category. Two-phase flow in a vertical pipe falls into one of five flow regimes; 
bubbly, Slug, Chum, Wispy- or annular flow, [Collier, John,1981]. Fig. 1-6. By 
increasing the added heat to the pipe, the two-phase flow moves sequentially through 
these flow patterns. The first stage is bubbly flow, where the vapor exists as discrete 
bubble within the liquid phase. In the second stage, the bubbles expand until they are 
bullet-shaped and nearly span the diameter of the tube. These bubbles are separated by 
the slug of liquid, which may contain smaller gas bubbles. The next stage is chum flow, 
where the large gas bubbles begin to break down in an oscillatory fashion, so that the 
center of the tube is alternately filled with the liquid and the vapor phases. The fourth 
stage, wispy-annular flow, can be difficult to differentiate from annular flow. In wispy- 
annular flow, the liquid phase is present both as a film on the wall of the pipe and as 
long filaments of agglomerated droplets dispersed throughout the central core of the 
flow. The final stage is annular flow, which is characterized by a liquid film surrounding 
a vapor core. 

In two phase flow the liquid and gas flow concurrently, so that liquid and gas occupy 
the tube section area together. The pressure drop caused by friction losses requires 
evaluation of a two-phase friction factor. The pressure drop caused by accelerating the 
fluids is sometimes considered negligible and is usually calculated only for cause of 
high flow velocities, [Brill, James P,1991]. It was found that air-bubble pump operated 
most efficiently in the slug flow regime, and all published theoretical analyses in the 
open literature of air-lift pumps have been based on the two-phase slug flow. 
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CHAPTER TWO 
THERMODYNAMIC ANALYSIS 


2-1 Introduction 

This chapter presents the two types of absorption refrigeration system without and 
within vapor lift pump (Bubble Pump). Since these systems run on low-grade thermal 
energy, they are preferred when low-grade energy such as waste heat or solar energy is 
available. Since conventional absorption systems use natural refrigerants such as water 
or ammonia they are environment friendly. 

2-1-1 Basic principle of (LiBr-water) System 

When a solute such as lithium bromide salt is dissolved in a solvent such as water, the 
boiling point of the solvent (water) is elevated. On the other hand, if the temperature of 
the solution (solvent + solute) is held constant, then the effect of dissolving the solute is 
to reduce the vapor pressure of the solvent below that of the saturation pressure of pure 
solvent at that temperature. If the solute itself has some vapor pressure (i.e., volatile 
solute) then the total pressure exerted over the solution is the sum total of the partial 
pressures of solute and solvent. If the solute is non-volatile (e.g. lithium bromide salt) or 
if the boiling point difference between the solution and solvent is large (> 300°C), then 
the total pressure exerted over the solution will be almost equal to the vapor pressure of 
the solvent only. In the simplest absorption refrigeration system, refrigeration is 
obtained by connecting two vessels, with one vessel containing pure solvent and the 
other containing a solution. Since the pressure is almost equal in both the vessels at 
equilibrium, the temperature of the solution will be higher than that of the pure solvent. 
This means that if the solution is at ambient temperature, then the pure solvent will be at 
a temperature lower than the ambient. Hence refrigeration effect is produced at the 
vessel containing pure solvent due to this temperature difference. The solvent evaporates 
due to heat transfer from the surroundings, flows to the vessel containing solution and is 
absorbed by the solution. This process is continued as long as the composition and 
temperature of the solution are maintained and liquid solvent is available in the 
container[S.N.Sapali, 2009]. For example, Fig.2-1 shows an arrangement, which 
consists of two vessels A and B connected to each other through a connecting pipe and a 
valve. Vessel A is filled with pure water, while vessel B is filled with a solution 
containing on mass basis 50 percent of water and 50 percent lithium bromide (LiBr salt). 
Initially the valve connecting these two vessels is closed, and both vessels are at thermal 
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equilibrium with the surroundings, which is at 30°C. At 30°C, the saturation pressure of 
water is 4.24 kPa, and the equilibrium vapor pressure of water-lithium bromide solution 
(50: 50 by mass) at 30°C is 1.22 kPa. Thus at initial equilibrium condition, the pressure 
in vessel A is 4.24 kPa, while it is 1.22 kPa in vessel B. Now the valve between vessels 
A and B is opened. 

Initially due to pressure difference water vapour will flow from vessel A to vessel B, 
and this vapour will be absorbed by the solution in vessel B. Since absorption in this 
case is exothermic, heat will be released in vessel B. Now suppose by some means the 
concentration and temperature of vessel B are maintained constant at 50 % and 30°C, 
respectively. Then at equilibrium, the pressure in the entire system (vessels A and B) 
will be 1.22 kPa (equilibrium pressure of 50 % LiBr solution at 30°C). 



2-1 Basic principle of vapor absorption systems of (LiBr-water) 


The temperature of water in vessel A will be the saturation temperature corresponding to 
1.22 kPa, which is equal to about 10°C, as shown in the figure. Since the water 
temperature in A is lower than the surroundings, a refrigeration effect (Qe) can produced 
by transferring heat from the surroundings to water at 10°C. Due to this heat transfer, 
water vaporizes in A, flows to B and is absorbed by the solution in B. The exothermic 
heat of absorption (Q a ) is rejected to the surroundings. Now for the above process to 
continue, there should always be pure water in vessel A, and vessel B must be 
maintained always at 50 percent concentration and 30°C. This is not possible in a closed 
system such as the one shown in Fig.2-1. In a closed system with finite sized reservoirs, 
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gradually the amount of water in A decreases and the solution in B becomes diluted with 
water. As a result, the system pressure and temperature of water in A increase with time. 
Hence the refrigeration effect at A reduces gradually due to the reduced temperature 
difference between the surroundings and water. Thus refrigeration produced by systems 
using only two vessels is intermittent in nature. In these systems, after a period, the 
refrigeration process has to be stopped and both the vessels A and B have to be brought 
back to their original condition. This requires removal of water absorbed in B and 
adding it back to vessel A in liquid form, i.e., a process of regeneration as shown in 
Fig.2-1(c). Assume that before regeneration is carried out, the valve between A and B is 
closed and both A and B are brought in thermal equilibrium with the surroundings 
(30°C), then during the regeneration process, heat at high temperature Tg is supplied to 
the dilute LiBr solution in B, as a result water vapor is generated in B. The vapor 
generated in B is condensed into pure water in A by rejecting heat of condensation to the 
surroundings. This process has to be continued till all the water absorbed during the 
refrigeration process (2-1(b)) is transferred back to A. Then to bring the system back to 
its original condition, the valve has to be closed and solution in vessel B has to be cooled 
to 30°C. If we assume a steady-flow process of regeneration and neglect temperature 
difference for heat transfer, then the temperature of water in A will be 30oC and 
pressure inside the system will be 4.24 kPa. Then the temperature in vessel B, Tg 
depends on the concentration of solution in B. The amount of heat transferred during 
refrigeration and regeneration depends on the properties of solution and the operating 
conditions. It can be seen that the output from this system is the refrigeration obtained 
Qe and the input is heat supplied to vessel B during vapor regeneration process, Qg. 


2-1-2 Properties of water-lithium bromide solutions 

The composition of water-lithium bromide solutions can be expressed either in mass 
fraction (Q or mole fraction (x). For water-lithium bromide solutions, the mass fraction 
is defined as the ratio of mass of anhydrous lithium bromide to the total mass of 
solution, i.e. 

ULt 

m L +m w 


where m L and m w are the mass of anhydrous lithium bromide and water in solution, 
respectively. 

The composition can also be expressed in terms of mole fraction of lithium bromide as: 


n L + n w 
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where n L and n w are the number of moles of anhydrous lithium bromide and water in 
solution, respectively. The number moles of lithium bromide and water can easily be 
obtained from their respective masses in solution and molecular weights, thus; 


n L = ^=-; and n w 


M 


m w 



where M L (= 86.8 kg/kmol) and M w (= 18.0 kg/kmol) are the molecular weights of an 
hydrous lithium bromide and water respectively. 


2-1-3 Vapour pressure of water-lithium bromide solutions 

Applying Raoult’s law, the vapor pressure of water-lithium bromide solution with the 
vapor pressure exerted by lithium bromide being negligibly small is given by: 

P = (J-x)P w 

where P w is the saturation pressure of pure water at the same temperature as that of the 
solution and x is the mole fraction of lithium bromide in solution. It is observed that 
Raoult’s law is only approximately correct for very dilute solutions of water lithium 
bromide (i.e., as x —► 0). Strong aqueous solutions of water-lithium bromide are found to 
deviate strongly from Raoult’s law in a negative manner. 

The ratio of actual vapor pressure to that predicted by Raoult’s law is known as activity 
coefficient. For the above example, the activity coefficient is 0.324 
The vapor pressure data of water-lithium bromide solutions can be very conveniently 
represented in a Diihring plot. In a Diihring plot, the temperature of the solution is 
plotted as abscissa on a linear scale, the saturation temperature of pure water is plotted 
as ordinate on the right hand side (linear scale) and the pressure on a logarithmic scale is 
plotted as ordinate on the left hand side. The plot shows the pressure-temperature values 
for various constant concentration lines (isosters), which are linear on Diihring plot. 
Figures 2-2 shows the Diihring plot. The Diihring plot can be used for finding the vapour 
pressure data and also for plotting the operating cycle. Figure 2-3 shows the water- 
lithium bromide based absorption refrigeration system on Diihring plot. Other types of 
charts showing vapor pressure data for water-lithium bromide systems are also available 
in literature. Figure 2-4 shows another chart wherein the mass fraction of lithium 
bromide is plotted on abscissa, while saturation temperature of pure water and vapor 
pressure are plotted as ordinates. Also shown are lines of constant solution temperature 
on the chart. Pressure-temperature-composition data are also available in the form of 
empirical equations. 
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Fig.2-3 H 2 0-LiBr system with a solution heat exchanger Diihring plot 
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2-1-4 Enthalpy of water-lithium bromide solutions 

Since strong water-lithium bromide solution deviates from ideal solution behavior, it is 
observed that when water and anhydrous lithium bromide at same temperature are mixed 
adiabatically, the temperature of the solution increases considerably. This indicates that 
the mixing is an exothermic process with a negative heat of mixing. Hence the specific 
enthalpy of the solution is given by: 

h= £.h L +(l-^)h w +Ah rojx 

where h L and h w are the specific enthalpies of pure lithium bromide and water, 
respectively at the same temperature. Figure 15.4 shows a chart giving the specific 
enthalpy-temperature-mass fraction data for water-lithium bromide solutions. The chart 
is drawn by taking reference enthalpy of 0 kJ/kg for liquid water at 0°C and solid 
anhydrous lithium bromide salt at 25°C. 



Fig.2-4 Enthalpy -Temperature - Concentration diagram for 
H20-LiBr solution 


2-1-5 Enthalpy values for pure water (liquid and superheated vapor) 

The enthalpy of pure water vapor and liquid at different temperatures and pressures can 
be obtained from pure water property data. For all practical purposes, liquid water 
enthalpy, h w , liquid at any temperature T can be obtained from the equation: 

h wjiquid ~ 4.19(1- T ref } k J / kg 
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where T ref is the reference temperature, 0°C 

The water vapor generated in the generator of water-lithium bromide system is in super 
heated condition as the generator temperature is much higher than the saturation water 
temperature at that pressure. The enthalpy of superheated water vapor, h WjSup at low 
pressures and temperature T can be obtained approximately by the equation: 

h w ,Bup = 250l + 1.88(T-T ref ) 

2-1-6 Crystallization 

The pressure-temperature-mass fraction and enthalpy-temperature-mass fraction charts 
(Figs. 2-4 and 2-5) show lines marked as crystallization in the lower right section. The 
region to the right and below these crystallization lines indicates solidification of LiBr 
salt. In the crystallization region a two-phase mixture (slush) of water-lithium bromide 
solution and crystals of pure LiBr exist in equilibrium. The water-lithium bromide 
system should operate away from the crystallization region as the formation of solid 
crystals can block the pipes and valves. Crystallization can occur when the hot solution 
rich in LiBr salt is cooled in the solution heat exchanger to low temperatures. To avoid 
this the condenser pressure reduction below a certain value due to say, low cooling 
water temperature in the condenser should be avoided. Hence in commercial systems, 
the condenser pressure is artificially maintained high even though the temperature of the 
available heat sink is low. This actually reduces the performance of the system, but is 
necessary for proper operation of the system. It should be noted from the property 
charts that the entire water-lithium bromide system operates under vacuum. 

2-1-7 Thermodynamic Cycle Analysis of (LiBr-water) System 

Figure 2-5 shows the schematic of the system indicating various state points. 

A steady flow analysis of the system is carried out with the following assumptions: 

i- Steady state and steady flow 

ii- Changes in potential and kinetic energies across each component are negligible 

iii- No pressure drops due to friction 

iv- Only pure refrigerant boils in the generator. 

The nomenclature followed is: 

m ss = mass flow rate of refrigerant, kg/s 

m ws = mass flow rate of strong solution (rich in LiBr), kg/s 

m = mass flow rate of weak solution (weak in LiBr), kg/s 
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The circulation ratio (X) is defined as the ratio of strong solution flow rate to refrigerant 
flow rate. It is given by: 



this implies that the strong solution flow rate is given by: 

in ss — /.■ m 


The analysis is carried out by applying mass and energy balance across each component. 
Condenser process (1-2): 

m] = mi =m 

Q c = m ( h ] -M 

where T c is the condenser temperature 
Expansion valve (refrigerant) process (2-3): 

m 2 = m 3 = m 

1*2 = l 1 ! 

Evaporator process (3-4): 

mj = n\4 = m 
Q e =m<h 4 -hj) 

Pc=P M (T r ) 19 



































where T e is the evaporator temperature 
Absorber process (4-5): 

From total mass balance: 
in + m as — m -ws 

mss =X m => mwa = (1 + X) m 
From mass balance for pure water: 

m + 0-5ss) m ss=(1-£ws) m ws 

Sss Sws 

Q b =mh 4 + Xmh 10 -(1 + X)mh 5 
or, Q a =m[(h 4 -h 5 ) + A(h 10 -h 5 )] 

The first term in the above equation m(h 4 -h 5 ) represents the enthalpy change of water 
as changes its state from vapor at state 4 to liquid at state 5. The second term m^(h 10 -h 5 ) 
represents the sensible heat transferred as solution at state 10 is cooled to solution at 
state 5. 

Solution pump process (5-6): 


ms =m6 =m W s 

W P =m ws (h 6 -h 5 ) = (l + ?y)m(h 6 -h 5 ) 
however, if we assume the solution to be incompressible, then: 

Wp = (l + X)mv Ml (P 6 -P J )=(l + ^)mv sol (P c -P e ) 

where v so i is the specific volume of the solution which can be taken to be approximately 
equal to 0.00055 m 3 /kg. Even though the solution pump work is small it is still required 
in the selection of suitable pump. 

Solution heat exchanger: 


ms =m9 =m ss 

heat transfer rate in the solution heat exchanger, Q H x is given by: 

Q hx = (1 + X)m(h 7 -h 6 ) = ).m(h 8 -h 9 ) 

Generator: 

m7 =m« +mi 

Heat input to the generator is given by: 

20 







Q^ = mh,+>vmh 8 -(l + >Omh 7 

or, Q g =m[(h 1 -h 7 ) + /,(h 8 -h 7 )] 

in the above equation the 1st term on the RHS m(h t - h 7 ) represents energy required 
to generate water vapor at state 1 from solution at state 7 and the 2 nd term m A(h 8 — h 7 ) 
the sensible heat required to heat the solution from state 7 to state 8. 

Solution expansion valve process (9-10): 

1119 =mio =m ws 

h 9 =h 10 

In order to find the steady-state performance of the system from the above set of 
equations, one needs to know the operating temperatures, weak and strong solution 
concentrations, effectiveness of solution heat exchanger and the refrigeration capacity. It 
is generally assumed that the solution at the exit of absorber and generator is at 
equilibrium so that the equilibrium P-T-^ and h-T-^ charts can be used for evaluating 
solution property data. The effectiveness of solution heat exchanger, s H x is given by 
(T 7 -T 6 ) 

HX (Tg-T 6 ) 

From the above equation the temperature of the weak solution entering the generator 
(T ) can be obtained since T is almost equal to T and T 7 6 5 8 is equal to the generator 
temperature Tg. The temperature of superheated water vapor at state 1 may be assumed 
to be equal to the strong solution temperature T . 

The COP of the absorption refrigeration system is given by: 

COP = —— 

Qg + w P 

In the system, it has still needed a power to driven the solution across the system. 

2-1-8 Thermodynamic Cycle Analysis of (LiBr-water) pump-less System 

An absorption refrigerator of natural circulation ( pump-less) type comprises a first 
generator connected to the lower end of a vapor-liquid lift and a second generator 
connected to the upper end of the vapor-liquid lift. A solution of an absorbing medium, 
which may be an aqueous solution of a salt of lithium, is heated in the first generator to 
be lifted through the vapor-liquid lift into the second generator, and the lithium salt 
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solution is then re-concentrated to a predetermined concentration in the second 
generator.Fig.2-6, shows the proposed cycle of natural circulation vapor absorption 
refrigeration system based on LiBr-Water mixture, where the water works as a 
refrigerant and LiBr as the absorbent. The low pressure weak solution ( weak in LiBr) 
point (8) leaves the absorber, and flows due to gravity through solution heat exchanger 

to the bubble pump point (1). The heating energy ( heat source of low temperature 
such as warm water, solar heat collector or waste heat discharged from factories) 
supplied to the bubble pump causes a partial boil-off resulting in water vapor and 
slightly stronger solution. The low density of the two phase mixture formed acts as a 

driving force of the flow against the cycle high pressure ( c ), gravity and friction 
according to the principle of buoyancy action. Hence, the bubble pump duty is to elevate 
as much as possible of the liquid solution with minimum heat supply. The solution- 
vapor mixture rises to the boiler-separator vessel wherein the solution is further heated 

applying a heat for vapor generation (^°* 7 ). Then the water vapor can be further expelled 
to concentrate lithium salt solution provided that, the remaining strong solution 
concentration never exceeds a limit at which LiBr crystallizes at the heat exchanger. The 
strong solution point (2) flows back to the absorber point (3) through the heat exchanger 
preheating the weak mixture, while the generated refrigerant vapor point (4) rises up to 

the condenser where it is liquefied rejecting heat (^ c ) to the surrounding. The 
condensate point (5) flows through a throttling device to the evaporator point (6) where 
it produces cooling. The water vapors out of the evaporator point (7) then flows back to 

the absorber to be absorbed by the strong solution releasing heat (@ a ) to the surrounding 
forming the weak solution. Further, the cycle is repeated. 

The mass flow rates through the system components are: 
m x =m % = m w 

rh 4 = m 5 = rh 6 = rh 7 = m r 
m 2 = m 3 = m s 
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The ratio of pumping capacity (weak solution flow rate (m w ) kg/s) to the liberated 

vapor at the generator (refrigerant mass flow rate (fh r ) kg/s) is defined as circulation 
ratio ( C.R ) 

m 

C.R 

m r 

The Evaporator : 

For known Jn r , the cooling capacity of the system at given evaporator and condenser 
temperatures is: 

Qe=™X h l-h ) 

where and h 6 (kJ/kg) are the enthalpies of saturated liquid water at condenser 
pressure and saturate water vapor at evaporator pressure respectively. 
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The dominated low pressure at the evaporator P e (kPa) is the saturated pressure at 
evaporator temperature T e (°C ), and it is the same pressure at the absorber P a ; 

P =P (T) = P 

1 e 1 sat \ ± e) 1 a 

The Generator 

Consider the control volume, which combines the generator assembly (the upper and 
lower generators and the lift tube), with other parts of the cycle: 
m w =m s +m r 

The LiBr mass balance through the generator is: 

= ZA 

So, 

OK = — = CR 

where: 

is the strong solution concentration , ^ w and the weak solution concentration. 

The total heat input to the generator is given by: 

Q g =m r [(h 2 -h l )-(h 2 -h 4 )C.R] 

hi can be calculated from heat exchanger heat balance 
h 2 = h 2 ( T g , <? s ) 

h 4 = h 4 (pure water vapor at T 4 , P c ) 

The coefficient of performance of the refrigeration cycle becomes: 

COP = — 

Q s 

The Solution Heat Exchanger: 

Heat exchanger effectiveness is defined as the ratio of the actual heat transfer to the 
maximum possible heat transfer for given inlet conditions, and as LiBr-water solution 
specific heat is reduced with increasing LiBr concentration therefore the hot 
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concentrated stream (flow line from 4 to 5), which has lower mass flow rate than the 

colder stream, represents the minimum heat capacity stream, accordingly the heat 

exchanger effectiveness can be written as : 

T -T 

E = ^3—ii 

T -T 

1 2 J 8 

where ; 

T 8 = T 8 (T e , £ w ) 

T 2 = T 2 (T C J S ) 

T 3 = T 2 -E(T 2 -Ts) 

h 3 = h 3 (T 3 , ) 

the heat transfer rate in the solution heat exchanger is given by; 

Qhe = m s ( h 2 ~ h s) = i - K) 

h gi =hi = (^ ,,E ) + h 8 
m w 

Ti = T 1 (hi , f w ) 

where, the specific enthalpy of the solution (kJ/kg) can be calculated according to 
the solution temperature T (°C ) and the mass fraction £ of the solution LiBr-water ; 

K = K,(TM , 

The Condenser 

The water vapor enters as a superheated vapor, the desuperheating heat and the 
latent heat of condensation should be rejected to the cooling medium , the saturated 
condensate water leaves the condenser at point (5), enters the expansion device to 
reduce the pressure and temperature. The amount of heat transferred from the condenser 
can be calculated making heat balance to the condenser; 

Q C = ™r ( h 4 - h i) 

for expansion device: 

^5 = ^6 (adiabatic expansion) 
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The Absorber 


The heat is formed due to the dilution process (Absorption of water vapor by the 
rich LiBr-solution that comes from the Separator). A good affinity of refrigerant in the 
solution required a dissipation of the heat of absorption to the surrounding. Making heat 
balance at the absorber, the amount of heat Q a can be calculated as ; 

Q a = m r h 1 + m s h 3 - m w h 8 

2-2 Absorption Refrigeration Systems Based on (Ammonia-water) 

In vapor absorption refrigeration systems based on ammonia-water pair, ammonia is 
the refrigerant and water is the absorbent. These systems are more versatile than 
systems based on water-lithium bromide as they can be used for both sub-zero 
(refrigeration) as well above 0°C (air conditioning) applications. However, these 
systems are more complex in design and operation due to the smaller boiling point 
temperature difference between the refrigerant and absorbent (about 133°C). Due to 
the smaller boiling point temperature difference the vapour generated in the generator 
consists of both ammonia as well as water. If water is allowed to circulate with 
ammonia in the refrigerant circuit, then: 

i. Heat transfer in condenser and evaporator becomes non-isothermal 

ii. Evaporator temperature increases 

iii. Evaporation will not be complete 

iv. Water may get accumulated in the evaporator leading to malfunctioning of the plant 
iv. Circulation ratio increases 

2-2-lProperties of ammonia-water solutions 

Similar to water-lithium bromide solutions, the composition of ammonia-water solution 
is also expressed in either mass fraction (Q or mole fraction (x). However, for ammonia- 
water solutions, the mass and mole fractions are defined in terms of ammonia. For 
example the mass fraction § is defined as the ratio of mass of ammonia to the total mass 
of solution, i.e., 

g = m A 

m A +m w 

where m A and m w are the mass of ammonia and water in solution, respectively. 
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2-2-2 Vapor pressure of ammonia-water solutions 

Liquid ammonia and water are completely miscible in all proportions, hence can form 
solutions of all concentrations from 0 to 1, at normal temperatures. The effect of 
ammonia in water is to lower the vapor pressure of water, similarly the effect of water in 
ammonia is to lower ammonia’s vapor pressure. Thus the total pressure over ammonia- 
water solutions is made up of partial pressure of ammonia and partial pressure of water 
vapor, and is always in between the saturation pressures of pure ammonia and water. 

If Raoult’s law is applied to ammonia-water mixtures, then the total pressure at any 
temperature, P tota i is given by: 

P,otal= xP A +(1"X)P W 

where x is the liquid phase mole fraction of ammonia, P A and P w are the saturation 
pressures of pure ammonia and pure water at that temperature. 

2-2-3 Composition of ammonia-water vapor 

Since the vapor above ammonia-water liquid consists of both ammonia and water 
vapor, it is essential to distinguish between the composition in liquid phase and 
composition in vapor phase. The superscripts L and V will be used to distinguish 
between liquid and vapor phase compositions. Thus stands for liquid phase mass 
fraction and stands for vapor phase mass fraction. Though the vapor phase 
composition, can be obtained by assuming ideal solution behavior, it is observed that the 
actual vapor composition deviates from that predicted by ideal mixture equations. Based 
on experimental measurements, charts have been developed for obtaining composition 
of ammonia-water mixture in vapor phase in equilibrium with a solution of ammonia 
and water at different temperatures. Figure 2-7, shows the construction of such a chart 
using which one can obtain the composition of mixture in vapor phase from known 
values of liquid phase mass fraction (^ L ) and saturated temperature of pure ammonia or 
pressure. 
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Mass fraction of ammonia in vapour, 


Fig.2-7. Vapor-liquid equilibrium chart for ammonia-water solution 


2-2-4 Enthalpy of ammonia-water mixtures 

Liquid phase: 

The enthalpy of ammonia-water solution in liquid phase, h L is calculated in a manner 
similar to that of water-lithium bromide solutions, i.e., by the equation: 

h L = Vh A L +(l-^ L )h w L + Ah mix 

where is the liquid phase mass fraction of ammonia, h A L are h w L liquid phase 
enthalpies of pure ammonia and water respectively. Ah mix is the heat of mixing, which is 
negative (exothermic) similar to water-lithium bromide mixtures. 

Vapor phase: 

Evaluation of enthalpy of a mixture of vapors of ammonia and water is more 
complicated compared to liquid phase enthalpy. This is due to the dependence of vapor 
enthalpy on both temperature and pressure. However, to simplify the problem, it is 
generally assumed that ammonia and water vapor mix without any heat of mixing. Then 
the enthalpy of the vapor mixture, h v is given by: 

h v = ^ v h A v +(l-V')h w v 

where £, v is the vapor phase mass fraction of ammonia and h A v are h w v the specific 
enthalpies of ammonia vapor and water vapor respectively at the temperature of the 
mixture. However, since vapor enthalpies depend on temperature as well as pressure, 
one has to evaluate the vapor enthalpy at suitable pressure, which is not equal to the total 


28 







































pressure. An approximate, but practically useful method is to evaluate the vapor 
enthalpies of ammonia and water at pressures, P A and P w given by: 

P A =yPtotai 

Pw = 0 - y)P t0 tal 


where y is the vapor phase mole fraction of ammonia and P to tai is the total pressure. It 
should be noted that P A and P w are equal to the partial pressures of ammonia and water 
only if they behave as ideal gases. However, since ammonia and water vapor may not 
approach the ideal gas behavior at all temperatures and pressures, in general P A and P w 
are not equal to the partial pressures. Using this method enthalpies of ammonia-water 
mixtures in vapor phase have been obtained as functions of temperature and mass 
fraction. 

2-2-5 The complete enthalpy-composition diagram for ammonia-water 
mixtures 

Normally, charts of enthalpy-temperature-mass fraction are available which give both 
liquid phase as well as vapor enthalpy of mixtures. Fig.2-8 shows the enthalpy- 
composition diagram at a constant pressure P. In the figure point a represents the 
condition of saturated liquid mixture at a temperature T with a liquid phase mass 
fraction of ^ L . The liquid phase enthalpy corresponding to this condition is given by h L 
. The composition and enthalpy of vapor mixture in equilibrium with the liquid mixture 
at temperature T and pressure P are obtained by drawing a vertical line from a up to the 
auxiliary line and then drawing a horizontal line to the right from the intersection of the 
vertical line with the auxiliary line. The intersection of this horizontal line with the dew 
point line a’ gives the vapor phase mass fraction and the vapor phase enthalpy h v as 
shown in the figure. The isotherm T in the two-phase region is obtained by joining 
points a and a’ as shown in the figure. Point b in the figure lies in the two-phase region. 
The specific enthalpy of this point h b is given by: 

h b =(l-V b )h L + Vb hV 


where \|/ b is the quality or dryness fraction of the two-phase mixture at b. Since points a, 
a’ and b are co-linear, the dryness fraction \|/ is given by: 


V b = 


Sb-s L 

s v -s L 
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Fia.2-8 Enthabv-comDOsition diagram of NH3-H20 at a constant 


2-2-6Thermodynamic Cycle Analysis of (Ammonia-water) System 

Figure 2-9 shows the schematic of an ammonia-water absorption refrigeration system. 
Compared to water-lithium bromide systems, this system uses three additional 
components: a rectification column, a dephlegmator and a subcooling heat exchanger 
(Heat Exchanger-I). As mentioned before, the function of rectification column and 
dephlegmator is to reduce the concentration of water vapor at the exit of the generator. 
Without these the vapor leaving the generator may consist of five to ten percent of 
water. However, with rectification column and dephlegmator the concentration of water 
is reduced to less than one percent. The rectification column could be in the form of a 
packed bed or a spray column or a perforated plate column in which the vapor and 
solution exchange heat and mass. It is designed to provide a large residence time for the 
fluids so that high heat and mass transfer rates could be obtained. The subcooling heat 
exchanger, which is normally of counterflow type is used to increase the refrigeration 
effect and to ensure liquid entry into the refrigerant expansion valve. As shown in the 
figure, low temperature and low pressure vapor (almost pure ammonia) at state 14 leaves 
the evaporator, exchanges heat with the condensed liquid in Heat Exchanger-I and enters 
the absorber at state 1. This refrigerant is absorbed by the weak solution (weak in 
ammonia) coming from the solution expansion valve, state 8. The heat of absorption, Q a 
is rejected to an external heat sink. Next the strong solution that is now rich in ammonia 
leaves the absorber at state 2 and is pumped by the solution pump to generator pressure, 
state 3. This high pressure solution is then pre-heated in the solution heat exchanger 
(Heat Exchanger-II) to state 4. The preheated solution at state 4 enters the generator and 
exchanges heat and mass with the hot vapor flowing out of the generator in the 
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rectification column. In the generator, heat is supplied to the solution (Q g ). As a result 
vapor of ammonia and water are generated in the generator. As mentioned, this hot 
vapor with five to ten percent of water exchanges heat and mass with the rich solution 
descending from the top. During this process, the temperature of the vapor and its water 
content are reduced. This vapor at state 5 then enters the dephlegmator, where most of 
the water vapor in the mixture is removed by cooling and condensation. Since this 
process is exothermic, heat (Q d ) is rejected to an external heat sink in the dephlegmator. 
The resulting vapor at state 10, which is almost pure ammonia (mass fraction greater 
than 99 percent) then enters the condenser and is condensed by rejecting heat of 
condensation, Q c to an external heat sink. The condensed liquid at state 11 is subcooled 
to state 12 in the subcooling heat exchanger by rejecting heat to the low temperature, 
low pressure vapor coming from the evaporator. The subcooled, high pressure liquid is 
then throttled in the refrigerant expansion valve to state 13. The low temperature, low 
pressure and low quality refrigerant then enters the evaporator, extracts heat from the 
refrigerated space (Q e ) and leaves the evaporator at state 14. From here it enters the 
subcooling heat exchanger to complete the refrigerant cycle. Now, the condensed water 
in the dephlegmator at state 9 flows down into the rectifying column along with rich 
solution and exchanges heat and mass with the vapor moving upwards. The hot solution 
that is now weak in refrigerant at state 6 flows into the solution heat exchanger where it 
is cooled to state 7 by preheating the rich solution. The weak, but high pressure solution 
at state 7 is then throttled in the solution expansion valve to state 
8 , from where it enters the absorber to complete its cycle. 



Fig.2-9 Schematic of NH 3 -H 2 0 based vapor absorption refrigeration system 
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2-2-7 Principle of rectification column and dephlegmator 

Figure 2-10 shows the schematic of the rectification system consisting of the generator, 
rectifying column and dephlegmator. As shown in the figure, strong solution from 
absorber enters at the rectification column, vapor rich in ammonia leaves at the top of 
the dephlegmator and weak solution leaves from the bottom of the generator. A heating 
medium supplies the required heat input Q g to the generator and heat Q d is rejected to 
the cooling water in the dephlegmator. 



NH 3 -H 2 0 systems 


Fig.2-11 shows the principle of dephlegmator (or reflux condenser) in which the 
ascending vapor is further enriched. At the top of the dephlegmator, heat is removed 
from the vapor so that a part of the vapor condenses (reflux). This reflux that is cooler, 
exchanges heat with the hotter vapor ascending in the column. During this process water 
vapor is transferred from the vapor to the liquid and ammonia is transferred from liquid 
to the vapor as shown in Fig.2-12. As a result the vapor leaves the rectification column 
in almost pure ammonia form with a concentration of ^ v . 
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The circulation ratio (CR) is defined as the ratio of weak solution to refrigerant flow rate 

CR=^ 

m 

Mass and energy balance equations for all the components are same as those of (LiBr- 
water) system, however, the thermal energy input to the generator will be different due 
to the heat transfer at the dephlgmator. Taking a control volume that includes entire 
rectifying column (generator + rectification column + dephlegmator) as shown in Fig. 2- 
12 , and it can write the energy as: 

Qg -Qd =m iO h 10 +rri6 h 6 -rru h 4 

Writing the mass flow rates of strong (point 4) and weak (point 6) solutions in terms of 
refrigerant flow rate and mass fractions, we can write the above equation as: 
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From the above expression Q g -Q d can be calculated, however, to find COP its need to 
know Q g . This requires estimation of heat transferred in the dephlegmator, Q d . From 
these equations, it can be shown that for ideal rectification with the exit vapor being pure 
ammonia, the heat transferred in the dephlegmator is given by: 


hi -h 10 + 




s (hj -h 10 ) + H L (17.5) 


HL “(^)' V - h ' L) 


The above equation is applicable at any section across the upper rectification column. If 
the process is plotted on enthalpy-composition diagram as, the ordinate of point R 
(called as Pole of the rectifier) is equal to f Q y 


as H l is equal to H L = 




4i v -4 e L 


k v -h. L ) 
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CHAPTER THREE 

PUMP-LESS ABSOTPTION REFRIGERATION SYSTEMS 


3-1 Introduction 

The term ‘pump-less’ signifies the absence of an electrically driven mechanical pump. 
Vapor Diffusion Absorption (VDA) systems that are pump-less mainly use thermally 
driven pumps (bubble pumps) requiring high-grade heat for their operation. The need for 
high grade heat slightly favors the use of conventional absorption refrigerators. Several 
pump-less refrigeration systems have been developed and researched. The Platen- 
Munters and the Einstein-Szilard refrigeration cycles more commonly known as 
“Diffusion Absorption Refrigeration” cycles were the very first systems. 

3-2 Pump-less Diffusion Absorption Refrigeration Cycles 

The single pressure pump-less refrigeration cycle that utilised ammonia for the 
refrigerant and water for the absorbent, was invented by [Platen and Munters,1928 ]. 
The cycle consists of bubble pump, generator, absorber, evaporator and condenser with 
ammonia-water-hydrogen as working fluids. When heat is introduced to the generator, 
the bubbles of ammonia gas are produced from ammonia-water mixture. The bubbles 
rise and with it lift the weak ammonia-water solution through the bubble pump lift tube. 
The strong solution flows back to the absorber while the ammonia vapor progresses to 
the condenser where it condenses thereby flowing to the evaporator to undergo a 
vaporization process at low temperature. This is achieved by introducing hydrogen gas 
that lowers the partial pressure of liquid ammonia hence allowing the refrigeration effect 
to occur. The mixture of ammonia vapor and hydrogen gas is then sent to the absorber 
where ammonia vapor is absorbed in water leaving hydrogen gas un-dissolved. While 
the hydrogen escapes back to the evaporator, the ammonia-water solution flows to the 
generator for the cycle completion. However, due to its low COP of the order of 0.15 to 
0.20 and the generator’s high working temperature requirement of about 150 °C, the 
DAR system that had the potential of attracting a wider application was mostly used in 
camping vans and some hotels, driven by either electricity or gas. At around same time 
[Pfaff M., 1988] invented another single pressure thermally driven refrigeration cycle 
Fig. 3-1, that used butane instead of ammonia, water and ammonia instead of hydrogen 
as working fluids and the cycle was patented in UK, USA and German in between 1927 
and 1933. The Einstein cycle uses a pressure equalizing absorbate fluid instead of an 
inert gas, butane being a refrigerant, water as an absorbent and ammonia as a pressure 
equalizing fluid. The generator, bubble pump and evaporator are of the same 
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configurations as those in Platen-Munters cycle Fig.3-2, however, with the condenser 
and absorber combined into a single unit. The heat is introduced in the generator 
containing weak ammonia in water solution and ammonia gas generated is passed into 
the evaporator via a pre-cooler. The remaining solution is further heated in the tube 
enhancing the formation of vapor, which acts as a bubble pump by lifting the liquid to 
the reservoir. The extra ammonia gas generated during the lifting of the solution is 
passed on to the absorber. Under the influence of gravity, the hot weak ammonia in 
water solution is passed into the absorber via a solution heat exchanger followed by a 
cooling jacket into which the heat is dumped. The gaseous mixture of ammonia and 
butane from the evaporator comes in intimate contact with the solution from the 
generator at this point within the absorber. The ammonia gas is absorbed into a solution 
by water thus freeing butane gas, which is insoluble in water from the gaseous mixture. 
The pressure within the absorber is substantially dictated by the refrigerant butane, 
which therefore will be the pressure sufficient to cause the liquefaction of butane at the 
temperature maintained by the cooling water in the jacket. Since the specific gravity of 
liquefied butane is lower than that of ammonia in water solution, stratification will 
occur, hence resulting in liquid butane floating above the ammonia in water solution. 
Under the direct influence of head hi and h 2 , the cool ammonia in water solution will be 
passed to the generator via a solution heat exchanger and liquid butane to the evaporator 
respectively. In order to develop diffusion-absorption systems by improving their 
coefficient of performance and to encourage their usage while attracting potential 
investors in the technology, researchers have suggested improvements to the original 
inventions. Several systems have been developed based on the original Platen-Munters 
diffusion absorption refrigeration cycle Fig.3-1, each with one or a combination of the 
following variations 

• The type of flow inside the evaporator and the absorber may be counter flow or 
parallel flow. 

• The gas heat exchanger may be attached to the evaporator 

• The weak solution may flow in the shell or in the tube of the solution heat exchanger. 

• The condensed refrigerant may be sub-cooled 

• The types of working fluids may vary 

• The pressure equalizing fluid may be other than inert gases 

• The pumping mechanism may be other than bubble pump which is used by most 
conventional pump-less systems as reviewed and described below. 
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Fig.3-1. The Platen-Munters cycle 
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Fig. 3-2. The re-drawn Einstein DAR Cycle 


Researchers carried out a design analysis in order to improve the COP based on the 
Platen & Munters cycle with the variation of only one or a combination of parameters. 
Among these were [Zohar A., Jelinek,2005] who investigated the working fluids of the 
original system by varying the concentration of the strong solution and the charge 
pressure of inert gases with the generator’s working temperature kept at above 150 °C. 
The conclusion of their investigation was that increase in concentration decreases the 
generator’s working temperature, increasing the evaporator’s temperature. It was also 
established that an excessive inert gas charge pressure will reduce the refrigerating effect 
and as a result affect the overall system COP. Other researchers were specifically 
interested in investigating the effect of an inert gas as one of the three working fluids on 
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the cycle’s COP. [Pongsid et al ,1985] used the same principles as those of Platen - 
Munters cycle with the exception that their system was of a different configuration with 
hydrogen/helium as one of the working fluids. Besides other parameters discussed 
below, the system has three working fluids with known concentrations i.e. ammonia 35 
%, water 65 % concentration and initially hydrogen. To further investigate the 
characteristics of the system, variations of some operating parameters were considered. 
Among these parameters, helium was selected as an auxiliary gas for lowering the 
partial pressure of liquid ammonia instead of hydrogen mainly for safety reasons. The 
solution in the generator was heated to 180 °C unlike the Platen - Munters cycle where 
the working temperature in the generator was not specified. In addition the ammonia 
vapor leaving the bubble pump, usually containing a quantity of water, was purified at 
the additional rectifier Fig.3-3, and cooled to 70 °C. 

Moreover, the study carried out by [Paurine, G. G,2006] showed that helium as a 
working fluid was superior to hydrogen as the inert gas and therefore the coefficient of 
performance of a DAR unit working with helium was higher by up to 40 % than a cycle 
working with hydrogen. Some of the authors considered replacing only ammonia as a 
refrigerant with butane based refrigerants while maintaining the absorbent and pressure 
equalizing fluids as the per original cycle. Also investigated in conjunction with other 
variations the use of butane as one of the three working fluids instead of ammonia, and a 
COP of 0.4. In order to investigate further the significance of the working fluids on the 
cycle’s COP, some authors have considered replacing the three common original 
working fluids with completely different refrigerants. 

3-3 Pump-less LiBr-water Absorption Refrigeration cycles 
Considered and used in their refrigeration cycles, H 2 0-LiBr as a working fluid instead 
ammonia- water - hydrogen and they reported higher coefficients of performance.. Two 
authors reported the use of inorganic refrigerants as working fluids instead of ammonia - 
water - hydrogen and these were used in conjunction with the variation of other 
parameters. The refrigerant dimethylacetamide and R22 with generator’s operating 
temperature between 50 and 90 °C and used refrigerants R22-DMA or R22-DMF & 
R22-DMETrEG with generator’s operating temperature at aroundl30°C. In both cases, 
higher COP was reported in comparison with the original system. Based on the results 
reported by different researchers, it was established that the property variation or 
complete replacement of only working fluid(s) contributed little or no improvements in 
COP. The application and addition of heat exchangers was further investigated by a 
number of authors and among these, Chen et al considered a different approach by 
adding a solution heat exchanger and an auxiliary gas heat exchanger attached to the 
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evaporator. Although a higher generator’s working temperature of around 210 °C was 
used, Chen et al achieved a system COP of around 0.35, which was higher than that 
experienced in the original cycle. Also added to the system a solution heat exchanger 
and a gas heat exchanger attached to the evaporator in a shell-and- tube configuration 
Fig. 3-4. Despite this and other changes made, at the generator’s operating temperature 
in the range of 195 to 205 °C and a COP of the order of 0.09 to 0.15, which is slightly 
lower contrary to expectations was reported. 



Some researchers attempted to vary three different parameters at one time and among 
those who worked on the improved version of the original DAR cycle by Platen & 
Munters was Delano in 1998. Delano performed a design analysis using the same 
approach as that of experiment; however with the addition of an air lift instead of vapor 
lift pump in conjunction with other parameters as shown in Fig.3-5. The changes made 
lead to a high COP of 0.4 that was almost double that achieved in cycle and much higher 
than that of the original cycle. 
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Fig.3-5 DAR Cycle by Delano (1998) 


3-4 Other Pump-less Absorption Refrigeration Cycles 

Although LiBr/water and water/NH3 have been widely used for many years and their 
properties are well known, much extensive research has been carried out to investigate 
new working fluids. Various researchers have studied performance of a single-effect 
pump-less absorption system using other kinds of working fluids such as 
LiBr/ZnBr 2 /CH 3 OH, LiN0 3 /KN0 3 /NaN0 3 /water, LiCl/water, Glycerol/water, 
LiN0 3 /NH 3 . Two solvents, Dimethyl Ether of Tetra ethylene Glycol (DMETEG) and 
Dimethyl Formamide (DMF) have stood out to be used as absorbent. Fluorocarbon 
refrigerant-based working fluids have been studied. R22 and R21 have been widely 
suggested because of their favorable solubility with number of organic solvents, but 
most of these working fluid were limited to use [Aphornratana S.1995]. 

Recently , [M. Ali, Akeel, 2016] presents the ability of operating a thermally operated 
bubble pump to be used in dual pressure Ethanol-Water absorption refrigeration system 
for small cooling capacities with refrigeration temperature range as (-8, 0,5, and 10 C°) 
(17.6, 32, 41 and 50 °F). The bubble pump is the motive force and is a critical 
component of the absorption refrigeration cycle. The purpose of the bubble pump 
(besides the circulation of the working fluid) is to desorb the solute refrigerant from the 
solution. The refrigeration cycle characteristics and performance were examined using 
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the system thermodynamic analysis in conjunction with the pump-less based on Ethanol- 
Water solution as the working fluid. Fig. 3-6 shows the heating energy (Qp) supplied to 
the bubble pump causes a boil-off resulting in Ethanol vapor and hot water leave the 
generator at point (2) under the action of two-phase flow. The low density of the two 
phase mixture formed acts as a driving force of the flow against the cycle high pressure 
(Pc), gravity and friction according to the principle of buoyancy action point (3) inside 
bubble pump. The hot water point (4) flows through water flow meter and then 
expanded through throttling device and back to reservoir (absorber) at point (5) , while 
the generated Ethanol vapor (refrigerant) flow through gas flow meter at point (6), and 
rises up to the condenser where it is liquefied and rejecting heat (Qc) to the surrounding. 
The condensate point (7) flows through a throttling device at point (8) to decrease 
Ethanol liquid temperature and then flow to the evaporator vessel to be evaporated to 
become a cold Ethanol vapor at point (9), and then absorbed by the hot water releasing 
heat (Qa) to the surrounding forming the strong solution. The strong solution (strong in 
Ethanol) at point (10) leaves the reservoir, and flows due to gravity to the bubble pump 
at point (1). Further, the cycle is repeated. The measurements were carried out after 
achieving the stability of the system under stable vacuum pressure and the level of 
solution in the reservoir tank. The readings were taken three times to minimize the error 
of readings to get an accuracy of the results and normalized. The system was charged 
with solution of (60% Ethanol and 40% water) [Gschneidner, K,1999]. The cooling 
capacity and the coefficient of performance were calculated for different operating 
conditions. The performance of the cycle was examined by changing the heating source 
at the generator, the temperatures at the condenser, absorber and evaporator. The result 
shows that the strong solution of 60% and week solution of 40% its obtained the COP is 
about 0.718 with the generator temperature is 50 C° ( 122 °F) for the best results. 
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CHAPTER FOUR 

EXERGY ANALYSIS OF ABSOTPTION REFRIGERATION 

SYSTEMS 


4-1 Introduction 

Exergy analysis represents a recently rediscovered and exciting innovation in 
thermodynamics and energy systems. Exergy methods, basic to enhanced and combined 
models, have received notable attention only over the last few decades. Although such 
attention has grown during that period, it has remained limited and applications of 
exergy analysis in the heating, refrigeration, and air conditioning industries, although 
they have increased notably, would benefit from an enhanced focus and a consolidation 
of the information. The applications of exergy methods to heating, refrigerating, and air 
conditioning systems are described in a detailed and comprehensive manner in this 
book, with the intent of enhancing understanding and aiding in process assessments and 
improvements. Energy analysis is the traditional method of assessing the way energy is 
used in operations (e.g., physical or chemical processing of materials, heat transfer, and 
energy conversion). Energy analysis is based on the first law of thermodynamics (FLT) 
and usually entails performing energy balances and evaluating energy efficiencies. The 
exergy method of analysis overcomes many of the limitations of the FLT. The concept 
of exergy is based on both the FLT and the second law of thermodynamics (SLT). 
Exergy analysis clearly indicates the locations, nature, and causes of energy degradation 
in a process and therefore can help improve a process or technology. Exergy analysis 
can also quantify the quality of energy during heat transfer. The primary aim of exergy 
analysis is usually to provide meaningful efficiencies (i.e., exergy efficiencies) and the 
causes and true magnitudes of exergy losses[Ibrahim Dincer,2015]. 

4-2 Exergy analysis of lithium bromide/water absorption systems 

A number of researchers have used exergy analysis of refrigeration systems. A 
theoretical analysis is given by [Bejan A.,1996] based on entropy generation 
minimization. According to the author, the method can be used for the thermodynamic 
optimization of refrigeration plants. He presented energy and exergy balance of an 
NH 3 H 2 Oabsorption refrigerator has used exergy analysis method in the analysis of 
thermal and chemical plants, but he has not presented exergy analysis of absorption 
systems. First and second law analyses of absorption systems for cooling and heating 
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applications. Exergy analysis of an absorption LiBr-H20 refrigeration cycle was carried 

out by[ Talbi and Agnew,2000]. 


4-2-1 Description of absorption system 

Compared to an ordinary cooling cycle the basic idea of an absorption system is to 
avoid compression work [Kemal A, 2005]. This is done by using a suitable working 
pair. The working pair consists of a refrigerant and a solution that can absorb the 
refrigerant. In this study, LiBr-H20 is used, water is the refrigerant. The system is 
shown schematically in Fig.4-1. 
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Fig. 4-1. Schematic of a single effect LiBr-water absorption system. 


As shown in Fig. 4-1, when the refrigerant vapor is coming from the evaporator (10) it 
is absorbed in a liquid (1). This liquid is pumped to higher pressure (1-2), where the 
refrigerant is boiled out of the solution by the addition of heat (3-7). Subsequently, the 
refrigerant goes to the condenser (7-8) like in an ordinary cooling cycle. Finally, the 
liquid with less refrigerant returns to the absorber (6). The absorption system shown in 
Fig. 4-1 provides chilled water for cooling applications. Furthermore, the system in Fig. 
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4-1 can also supply hot water for heating applications, by circulating the working fluids 
in the same fashion. The difference of operation between the two applications is the 
useful output energy and the operating temperature and pressure levels in the system. 
The useful output energy of the system for heating applications is the sum of the heat 
rejected from the absorber and the condenser, while the input energy is supplied to the 
generator. The useful output energy of the system for the cooling applications is heat 
that is extracted from the environment of the evaporator, while the input energy is 
supplied to the generator. 

4-2-2 Thermodynamic analysis 

For the thermodynamic analysis of the absorption system the principles of mass 
conservation, first and second laws of thermodynamics are applied to each component of 
the system. Each component can be treated as a control volume with inlet and outlet 
streams, heat transfer and work interactions. In the system, mass conservation includes 
the mass balance of total mass and each material of the solution. The governing 
equations of mass and type of material conservation for a steady state and steady flow 
system are: 

=0 

where m is the mass flow rate and x is mass concentration of LiBr in the solution. The 
first law of thermodynamics yields the energy balance of each component of the 
absorption system as follows: 

<2i - E 2«] + W = 0 

The cooling COP of the absorption system is defined as the heat load in the evaporator 
per unit of heat load in the generator and can be written as: 

COP = 2e _ m io^io - _ mnihn-hu) 

C “ 1,og Qg m 4 /2 4 + m 1 h 1 - m 3 /i 3 ?«„(/!,]- h l2 ) 

where m is the mass flow rate and h is the enthalpy of working fluid at each 
corresponding state point. 

The heating COP of the absorption system is the ratio of the combined heating 
capacity, obtained from the absorber and condenser, to the heat added to generator, and 
can be written as: 
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An overall energy balance of the system requires that the sum of the generator, 
evaporator, condenser and absorber heat transfer must be zero. If absorption system 
model assumes that the system is in steady state and that the pump work and 
environmental heat losses are neglected, the energy balance can be written as: 


Qc + Qa — Qg + Qe 

Therefore the COP for heating can be also written as 



The second law analysis can be used to calculate the system b performance based on 
exergy. Exergy analysis is the combination of the first and second laws of 
thermodynamics and is defined as the maximum amount of work potential of a material 
or an energy stream, in relation to the surrounding environment. The exergy of a fluid 
stream can be defined as : 


$ = (h- h a ) - T c (s - s a ) 


where is the exergy of the fluid at temperature T. The terms h and s are the enthalpy 


and entropy of the fluid, whereas, ho and so are the enthalpy and entropy of the fluid at 
environmental temperature T 0 (in all cases absolute temperature is used in K). In this 
study, T 0 was taken as 298.15 K. 

The availability loss in each component is calculated by: 



+ E W 


where is the lost exergy or irreversibility that occurred in the process. The first two 
terms of the right hand side are the exergy of the inlet and outlet streams of the control 
volume. The third and fourth terms are the exergy associated with the heat transferred 
from the source maintained at a temperature T. The last term is the exergy of mechanical 
work added to the control volume. This term is negligible for absorption systems as the 
solution pump has very low power requirements. 
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The equivalent availability flow balance of the system is shown in Fig. 4-2. The total 
exergy loss of absorption system is the sum of exergy loss in each component and can be 
written as : 

= A \+ A^2 + + A^4 + A\j/ 5 + A\(/ 6 



Fig. 4-2. Availability flow balance of the absorption system 


The second law efficiency of the absorption system is measured by the exergetic 
efficiency, E, which is defined as the ratio of the useful exergy gained from a system to 
that supplied to the system. Therefore, the exergetic efficiency of the absorption system 
for cooling is the ratio of the chilled water exergy at the evaporator to the exergy of the 
heat source at the generator and can be written as: 
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The exergetic efficiency of absorption systems for heating is the ratio of the combined 
supply of hot water exergy at the absorber and condenser to the exergy of the heat 
source at the generator and can be written as: 


J healing 


?h I5(V^I6 ~ V'is) + *”13(^14 ~ V'la) 

m ll(^ll -^12) 


The irreversibilities in absorption system that reduce COP and exergy efficiency to a 
lower value than the ideal ones are due to three main factors: 
f Imperfect heat and mass transfer in the system’s units, 
t Mixing losses, 
f Circulating losses. 

The mixing losses are associated with the evaporation of the refrigerant in the 
generator from a concentrated solution, which requires a greater amount of heat than to 
evaporate it in a pure state. In addition, the refrigerant vapor leaves the generator 
superheated, as the temperature required for the generator is higher than the evaporation 
temperature of pure refrigerant under the same pressure. The superheat energy spent in 
the generator constitutes a thermodynamic loss, which leads to extra cooling 
requirement in the condenser. The absorber and generator have the highest exergy loss. 
The exergetic efficiency can be improved by a better matching of the heat source with 
the temperature of working fluid in the generator. The exergy loss in the evaporator 
results from the temperature difference between the environment and the evaporating 
refrigerant. 


4-3 Exergy analysis of Ammonia-water absorption systems 

The DAR (diffusion absorption refrigeration) cycle It uses ammonia (refrigerant) and 
water (absorbent) as working fluids and hydrogen as auxiliary inert gas. Helium, in DAR 
systems, may be used as the inert gas, as well. A DAR (diffusion absorption 
refrigeration) cycle has no moving parts and is driven by heat. For the analysis of a 
typical ammonia-water absorption system at the design point, a component-by¬ 
component model is developed and the analysis of the impact of various loss 
mechanisms on 1/COP. The prevailing study shows that, consequently, the number of 
arbitrary assumptions encountered commonly in the black box approach was 
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diminished. The second law of thermodynamics, in which the entropy concept plays the 
key role, can be applied in addition to the first law of thermodynamics to obtain a better 
understanding of the energy flow processes. In only one DAR system is analyzed in 
terms of exergetic. In addition to examining the second law efficiency parametrically by 
Moreover, in the thermo siphon, maximum exergy losses are reached whereas the 
exergy losses in evaporator, in condenser, in absorber. In the many studies to determine 
the theoretical and experimental energy performance of various DAR systems. As far as 
we know, there is no experimental study on the analyses of the DAR systems on the first 
and the second thermodynamic laws. In addition, the heat losses rejected to the 
environment from the solution heat exchanger were not calculated. Both lack of 
combined experimental evaluation of energy and exergy analyses as a body and there 
being no calculations of heat losses rejected to the environment from the solution heat 
exchanger are the leading motives in this study. For that purpose, the DAR (diffusion 
absorption refrigeration) system is designed, constructed and tested. The system uses 
three component working fluids: ammonia, water and helium. The energy and exergy 
losses. 

4-3-1 Definition of the DAR system 

The diffusion absorption refrigeration system consists of a generator-bubble pump, a 
rectifier, a condenser, a gas heat exchanger, an evaporator, an absorber and a solution 
heat exchanger as seen in Fig. 4-3. In DAR system, ammonia vapor is separated from 
the rich solution in the generator (la) via heat input. The vapor then rises in the bubble 
pump and flows through the rectifier where the water vapor condenses (2d) to join the 
poor solution (2c). The remaining near-pure ammonia vapor also called refrigerant vapor 
(4), flowing to the condenser, condenses (5) and reaches to the evaporator. The 
uncondensed ammonia flows to the solution tank through the gas bypass (5 a). The 
condensate ammonia tube is attached to the coupled evaporator/gas heat exchanger, 
which have a shell-and-tube configuration, to provide sub-cooling of the condensate 
prior the evaporator entrance. At the evaporator entrance (6a), the partial pressure of the 
sub-cooled liquid ammonia (6b) drops due to mixing with the cold helium and ammonia 
vapors (6c) arriving from the absorber through the inner part of the coupled 
evaporator/gas heat exchanger. The liquid ammonia and ammonia-helium mixture flow 
in parallel through the shell side of the evaporator/gas heat exchanger toward the 
solution tank, leaving at (7b). The ammonia-helium mixture passes through the solution 
tank, enters the absorber from below (9) and flows upward in counter flow to the poor 
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solution entering the absorber at the top (8b). In the absorber, the ammonia vapor is 
absorbed into the poor solution and rich solution flows down into the solution tank (9). 
Helium and ammonia residuals (8a) flow toward the evaporator [Ziapour BM,2011]. 



Fig. 4-3. A schematic view of a diffusion absorption refrigerator system 


4-3-2 Thermodynamic analysis 

In the thermodynamic analysis, control volumes for each component of DAR cycle are 
chosen firstly. The mass and energy balance equations including heat losses, gains and 
capacities for the each component of the system are presented below. The subscripts of 
the various properties are related to the locations indicated in Fig.4-3. 

Generator and bubble pump 

The heat input to the regenerator is supplied by the electrical resistance for vaporize and 
separate refrigerant from liquid mixture, and is used to pump the solution through the 
bubble pump. The mass and energy balances for bubble pump are given as follows: 
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m u = m 3 + m 2c 

riiia*ia = 1713X3 + m 2 cX 2 c 

m u /li a + theater = m 3 h 3 - m 2 c h 2c 

where m is the mass flow rate of the working substance, kg s' 1 , h is the specific 
enthalpy, kJ kg' 1 , Qheater is the electric power input in the generator, W, X is the mass 
fraction of the ammonia-water mixture. 

Rectifier 

The vapor leaving the generator is not pure refrigerant; it contains yet a small amount of 
absorbent. It is purified a little more by a partial condensation in the rectifier so through 
this process the near-pure ammonia vapor is obtained. The absorbent richer liquid drops 
back to generator. The mass flow of the purified vapor and the heat rejected to the 
environment can be determined from the mass and energy balances expressed as 
follows: 

m 3 = m 4 + m 2d 

m 3 X 3 = 014 X 4 - m 2 d X 2d 

m 3 h 3 = m 4 h 4 + m 2d /i 2d + Q rect 


SHX (Solution heat exchanger) 

In the SHX, the poor solution (4) leaving the generator gives energy to the rich solution 
coming from the absorber with a lower temperature. The mass and energy balances and 
heat transfer characterizing the SHX are given as follows: 
m 10 = m u = m n 
m lb = m u = mps 

m lb = m 2c + m 2 d 

tfhb*lb = ™2cX2c + ™2d*2d 
rthb^lb = rfWbc ~ ^2d^2d 

ribb^ib- mio/iio = +m la /i la + Q shx 
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Condenser 

The refrigerant vapor enters into condenser in which, it, with high-pressure, that is the 
same as operating system pressure, condenses into liquid. The mass and energy balances 
for condenser can be written as; 
m 4 = m 5 

rh 4 h 4 = m 5 h 5 + Q cond 


Evaporator 

The liquid refrigerant leaving the condenser at the operating system pressure reaches to 
the evaporator entrance where it mixes with the inert gas coming from the absorber 
through the gas heat exchanger. As a result, the partial pressure of the liquid refrigerant 
drops and it launches to evaporate at low temperatures. The mass and energy balances 
are shown as follows: 

™6a + ™ig = 


^6a^6a * ^ig^ig + Qevap = m 7b /l 7b 


Absorber 

Here the refrigerant vapor is absorbed by the poor solution returning from the generator 
and rich solution flows down into the solution tank. Helium and ammonia residuals flow 
toward the evaporator. The mass and energy balances, and the heat transfer rate rejected 

to the environment are calculated as follows: 
rh g + m ig = m 7b - m 8b 


rhghg + rhighjg + Q abs = ^ 7 b^ 7 b + rh 8 b h 8b 


Q.abs = rh 7 b h 7b - m 8 b /i 8 b - rhghg - m ig /iig 

COP (Coefficient of energy performance) 

The COP (coefficient of energy performance) is defined as the ratio of the heat removed 
by the evaporator to that supplied at the bubble pump: 

Q)P = Q^ap 
Cheat 

Exergy analysis of DAR cycle 

The exergy method of analysis overcomes the limitations of the first law of the 
thermodynamics. The concept of exergy is based on both the first and second law of the 
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thermodynamics. Exergy analysis clearly indicates the locations of energy degradation 
in a process and can therefore lead to improved operation or technology. The main aim 
of exergy analysis is to identify meaningful (exergy) efficiencies, and the causes and 
true magnitudes of exergy losses. 

The general exergy rate balance can be expressed as follows: 

— ^ ^mass.m “ mass,out — Ex de3L 


and more explicitly, 

1 “ j^J Qk — W + ^ thin^in — X 

where Q k is the heat transfer rate crossing the boundary at temperature T k at location k, 
W is the work rate and J is the flow exergy. 


The specific exergy and exergy rate equations for the fluid flow system can be defined 
as: 

^ = (h - ho) - To(s — So) 
and 

Ex = m[(h - h 0 ) - T 0 {s - s 0 )} 


where h is enthalpy, s is entropy, and the subscript zero indicates properties at the 
restricted dead state of PO and TO. Taking the positive direction of heat transfer to be to 
the system, the rate form of the general entropy relation can be rearranged to give: 


Sgen 


— ) " moutSout " h?j n Sj r 


Qk 


For exergy destruction (or irreversibility), the entropy generation S gen is calculated first 
and used in the following equation: 


l — — foSgen 


Generator and bubble pump 

Exergy destruction for generator and bubble pump is expressed as follows: 

^heater = T) ( m 3 S 3 - m 2c S2c “ ? heater “ m la S la 
V 1 heater 
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Rectifier 

Exergy destruction for the rectifier is calculated from following equation: 
heci = T 0 ^ m 4 s 4 - rn 2 dS 2 d + ~ ™ 3 S 3 j 

SHX (Solution heat exchanger) 

Exergy destruction for heat exchanger is expressed as follows: 

nilO = ^la = f^rs 
™lb = ^11 = rflps 




Qshx 


Wx = To ( mi a Si a +m 1 iSn + ™10$10 - ™ib s 1b 


Wx 


To 


^rs( 5 la “ $io) + Wps^ll — S lb ) 



Condenser 

Exergy destruction for the condenser is calculated from following equation: 


'cond = "I5S5 m 4 S 4 

1 cond 


Evaporator 

Exergy destruction for the evaporator is calculated from following equation: 


Wap = ^7b s 7b “ ^Sa^Ga — ^ig s ig — 


Q-evap 

Wap 


Absorber 

Exergy destruction for the absorber is calculated from following equation: 

'abs = m 9 s 9 - riiigSjg - - m 7b s 7b - m 8b s 8b 

Total exergy destruction 

^ total = ^ x dest = ^heat + ^rect + 4 ond + ^evap + ^abs + ^ shx 
EXCOP (Cycle exergy performance) 

Numerous ways of formulating exergetic (or exergy or second law) efficiency 
(effectiveness, or rational efficiency) for various energy systems are given in detail 
elsewhere [18]. Here, in a similar way we define exergy efficiency as the ratio of total 
exergy output to total exergy input: 
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Exergy einciency is uenneu as me ratio of total outlet exergy to total inlet exergy as 
presented by [Abdullah Yildiz, 2013]. The exergy destruction occurring in each 
component of the DAR system for the experimental and theoretical analyses is presented 
in Figs. 4-4 and 4-5 respectively . It can be seen that 96.44% (corresponding to 
20.7817W) and 97.40% (corresponding to 20.9888W) of the total exergy entering the 
system for the experimental and theoretical analyses are lost, respectively. Therefore, the 
remaining 3.56% and 2.6% are utilized for the experimental and theoretical analyses, 
respectively. While the highest exergy destruction occurs in solution heat exchanger, the 
lowest exergy destruction occurs in condenser in both experimental and theoretical 
analyses. 
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Fig.4-4. Exergy flow diagram for the experimental analysis of the DAR system 
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Fig. 4-5. Exergy flow diagram for the theoretical analysis of the DAR system 
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Conclusions 


Many number of research options of absorption refrigeration technology; generally 
two types approaches have been followed. There are to develop new working fluids, 
improve absorber performance, and to invent new advance cycles. 

There is many type of absorption cycles have been developed, however, the system 
complexities were increased over a conventional single-effect absorption system. At this 
moment, double-effect absorption systems using lithium bromide/water and Ammonia- 
water seem to be the only high performance system, which is available commercially. 
Current research and development efforts on multi-effect cycles show considerable 
promise for future application. A diffusion absorption refrigeration system is the only 
true heat-operated refrigeration cycle. This system has been widely used as a domestic 
refrigerator. The novel low energy pump-less absorption cycle will be low in energy use 
and unlike vapor compression systems, will not pose a risk of hazardous refrigerant 
leakage; since, it will use water and lithium bromide or Ammonia-water solution which 
is a natural working. The exergy analysis gave a better understanding of the irreversible 
processes involved in a continuous absorption-refrigeration cycle. The main processes 
are: heat transfer, which occurs in all components except the expansion valves; 
mixing of two fluids at different temperatures and concentrations, as in the 
absorber; mixing of a liquid and a vapor, as in the absorber; separation of a liquid 
into two fluids of different concentrations, as in the generator; and separation of a 
liquid mixture into liquids of different phases, as in the generator. 
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